This study aims to characterize the nature of the dynamic spectral change in vowels in three distinct regional varieties of American English spoken in the Western North Carolina, in Central Ohio, and in Southern Wisconsin. The vowels /(, , e, ae, a(/ were produced by 48 women for a total of 1920 utterances and were contained in words of the structure /bVts/ and /bVdz/ in sentences which elicited nonemphatic and emphatic vowels. Measurements made at the vowel target ͑i.e., the central 60% of the vowel͒ produced a set of acoustic parameters which included position and movement in the F1 by F2 space, vowel duration, amount of spectral change ͓measured as vector length ͑VL͒ and trajectory length ͑TL͔͒, and spectral rate of change. Results revealed expected variation in formant dynamics as a function of phonetic factors ͑vowel emphasis and consonantal context͒. However, for each vowel and for each measure employed, dialect was a strong source of variation in vowel-inherent spectral change. In general, the dialect-specific nature and amount of spectral change can be characterized quite effectively by position and movement in the F1 by F2 space, vowel duration, TL ͑but not VL which underestimates formant movement͒, and spectral rate of change.
I. INTRODUCTION
This study is an acoustic investigation into time-varying spectral features of the vowel target and the use of these features by different regional variants ͑dialects͒ of American English. In the long tradition of research on vowel acoustics, the vowel target has been regarded as the central section of the vowel which is relatively unaffected by surrounding consonants ͑e.g., Lehiste and Peterson, 1961; Lindblom, 1963͒. As such, formant frequencies measured at the vowel target are often considered to characterize most appropriately a particular vowel quality with the general assumption that this target implies some degree of invariance or vowel's "steady state." As the research progressed, however, it has been recognized that even the most monophthongal vowel is never truly "static" and usually exhibits a certain amount of vowelinherent spectral change ͑e.g., Harrington and Cassidy, 1994; Nearey and Assmann, 1986͒ . This spectral change is not contextually determined but is a systematic property of the vowel itself.
Naturally, the presence of dynamic spectral change in a vowel gave rise to investigation in the perceptual domain, inviting the question of how important are the dynamic cues to vowel identification. Certainly a substantial body of research has focused on determining which aspects of the acoustic signal contribute most to vowel identification: a relatively steady target or rapid consonantal transitions. For example, work by Strange and Jenkins ͑e.g., Jenkins et al., 1983 Jenkins et al., , 1994 Strange, 1987 Strange, , 1989 Strange et al., 1976 underscored the role of consonantal transitions proposing that a vowel can be reliably identified even if its "center" has been removed experimentally from the signal. On the other hand, studies by Nearey and colleagues ͑e.g., Hillenbrand and Gayvert, 1993; Hillenbrand and Nearey, 1999; Nearey and Assmann, 1986; Kewley-Port and Neel, 2006͒ demonstrated that listeners identified vowels with greater accuracy when the vowel-specific pattern of spectral change was preserved at the vowel's center. The results from these two lines of research suggest that neither the vowel target nor consonantal transitions alone are fully sufficient for vowel identification.
The complexity of acoustic variation in formant dynamics comes from several sources, including the vowel-specific nature of trajectory change in the formant space, consonantal context effects, emphatic stress, or broadly defined prosodic effects. The difficulty in characterizing the dynamic spectral changes throughout the course of the vowel lies in the fact that these changes occur in time and are subject to temporal variation in speech. That is, the amount of vowel-inherent spectral change may vary with vowel duration, which is also affected systematically by consonantal and prosodic contexts as well as by variation in speech tempo. For example, consonantal context effects may persist throughout the vowel ͑including its target͒ if the vowel is sufficiently short. This leads to yet another complication, however, in that vowel target may not be easily defined as it is the entire formant trajectory that undergoes changes over time.
The presence of time-varying spectral features such as the amount of spectral change and spectral rate of change ͑roc͒ implies that the dynamic information includes cues from both spectral and temporal domains. As it has been shown and is argued below, both sets of cues are important to a better understanding of vowel dynamics and their use in speech communication. For example, according to the contextual model of articulation ͑Lindblom, 1963; Moon and Lindblom, 1994͒ , the amount of formant undershoot depends on the interaction between the phonetic context, vowel duration, and the spectral roc. The higher spectral roc is related to faster articulatory movements typically invoked to reach the formant target. An application of this model in concatenative synthesis showed that a better control of spectral roc improves the naturalness and intelligibility of synthesized utterances ͑Wouters and Macon, 2002b͒ .
Dynamic variations at the vowel target do exist in naturally produced nominal monophthongs and have been found in selective acoustic studies of American, Canadian, and Australian English vowels ͑e.g., Andruski and Nearey, 1992; Hillenbrand et al., 1995; Watson and Harrington, 1999͒ . Yet, there is no acoustic evidence that vowel-inherent spectral change may actually vary systematically across geographic regions of the country and that the use of time-varying features may be a subject to regional variation. Sociolinguistic work on phonetics and vowel shifts, culminating in the Atlas of North American English ͑Labov et al., 2006͒, has been primarily concerned with relative positions of vowels in order to create regional maps. While documenting vowel fronting, backing, lowering, raising, centralization, or mergers, formant measurements have been taken typically at one temporal location at the vowel target, referred to as the vowel nucleus. Although this procedure accounts for the regional differences in the positions of vowel nuclei, it does not address the issue of how vowels differ in the extent and nature of dynamic information which may also contribute to regional variation in American English. Crucially, information about how formant frequency changes in time is missing.
There is evidence that the duration of American English vowels varies significantly across regions in the United States ͑e.g., Clopper et al., 2005; Jacewicz et al., 2007͒ and so does speech tempo ͑e.g., Byrd, 1994; Jacewicz et al., 2009͒ . It can be expected that these temporal factors may have a profound effect on formant frequency change in the course of the vowel. As shown by Lindblom and colleagues, there is a complex interaction between vowel duration, consonantal context, and speaking style on formant frequency shifts so that both the position of the vowel in the acoustic space and its spectral dynamics will vary in predictable ways ͑e.g., Lindblom et al., 2007; Moon and Lindblom, 1994͒ . Expansion or reduction in the vowel space and degree of coarticulation with surrounding consonants are the most observable effects. However, in addition to these and other sources of phonetic variation such as emphatic stress and tempo, regional variation introduces yet another variable to be accounted for in characterizing the acoustic structure of vowels. Cross-dialectal differences in vowel duration, speech tempo, and the extent of formant change within the vowel pose a question of the importance of time-varying information in the differentiation of regional variants. As our understanding progresses, we can ask further questions such as to what extent do speakers of a specific dialect rely on the dynamic aspects of the acoustic signal in identifying vowels as coming from their own dialect.
The aim of the present study was to define the nature of the dynamic spectral change at the targets, that is, the central sections of selected vowels in three distinct regional varieties of American English spoken in the South ͑Western North Carolina͒, in the central region around Columbus, OH, and in the North ͑Southern Wisconsin͒. The vowels selected included a true diphthong ͑/a(/͒, a diphthongized long vowel ͑/e/͒, and three lax vowels which exhibited differences in the degree of their diphthongal and temporal properties ͑/(, , ae/͒. The dynamic variations in the formants F1 and F2 were assessed in a set of acoustic measures: vector length ͑VL͒, trajectory length ͑TL͒, and the spectral roc. Two sources of phonetic variation were included which are known to affect systematically vowel duration: emphatic stress and consonantal context. The study sought to determine the extent to which the dialectal differences in spectral features are present in combination with expected spectral variation as a function of emphasis and context ͑Lindblom et al., 2007͒.
II. METHODS

A. Speakers
Forty eight women aged 51-65 years participated in the study. They were born, raised, and spent most of their lives in one of three regions in the United States: 16 were from Western North Carolina ͑the Jackson County area͒, 16 were from Central Ohio ͑Columbus area͒, and 16 were from Southern Wisconsin ͑Madison area͒. Defined geographically, these participants created highly homogeneous samples of regional speech, deeply rooted in the regional dialect. According to the Atlas of North American English ͑Labov et al., 2006͒, these dialects represent Inland South, the Midland, and Inland North, respectively. The recordings were completed in the years [2006] [2007] [2008] . None of the speakers reported any speech disorders. All participants were paid for their efforts.
B. Speech materials
Five American English vowels were selected for the study: /(, , e, ae, a(/, which varied in their pattern of spectral change ͑or degree of diphthongization͒. Each vowel was contained in a target word of the structure /bVts/ and /bVdz/, which yielded the following words : bits, bets, baits, bats, bites and bids, beds, bades, bads, bides . The target word occurred in a sentence constructed to elicit two levels of vowel emphasis ͑emphatic and nonemphatic͒. In these sentences, only the main sentence stress varied, and the position of the target word and its immediate phonetic context remained unchanged. Thus, the proximity of the target word to the changing main sentence stress created the difference in the emphasis of the target word, as exemplified below:
Emphatic Sue thinks the small CUTS are deep. No! Sue thinks the small BITES are deep.
Nonemphatic Sue thinks the small bites are WIDE. No! Sue thinks the small bites are DEEP.
The use of sentence pairs rather than single sentences ensured fluency in reading, which was essential to examine the variation in the amount of the spectral change in vowels. It has been noted in preliminary studies that some speakers achieved the desired fluency while reading the second sen-tence. Their first sentence tended to contain hesitations and pauses, which introduced noise to the clarity of exposition of the levels of emphasis. For this reason, only the second sentence in the pair was selected for the present analysis for a total of 1920 sentences ͑5 vowelsϫ 2 consonantal contexts ϫ 2 emphatic positionsϫ 2 repetitionsϫ 48 speakers͒.
C. Procedure
The testing took place at the university facilities in three locations ͑North Carolina, Ohio, and Wisconsin͒. A headmounted Shure SM10A dynamic microphone was used, positioned at a distance of about 1.5 in. from the speaker's lips. The speaker was seated and was facing a computer monitor. Recordings were controlled by a custom program in MATLAB, which displayed the sentence pair to be read by the speaker and a set of control buttons for the experimenter. The sentences were presented in random order, and the recordings took place in one testing session. Speech samples were recorded and digitized at a 44.1-kHz sampling rate directly onto a hard disk drive. The speaker read the sentence pair placing the main sentence stress on the word in all caps. There was a short practice set completed before the start of the experiment. After recording each sentence pair, the experimenter either accepted and saved the utterance ͑which occurred most of the time͒ or re-recorded it in the case of any mispronunciations, disfluencies, or inaccurate stress placement. If the latter took place, the speaker was asked to repeat the utterance as many times as needed.
D. Acoustic measurements
The set of measurements included vowel duration and the frequencies of F1 and F2 over the course of vowel's duration, which were used to derive further measures of formant movement: VL, TL, and spectral roc. Prior to acoustic analysis, the tokens were digitally filtered and downsampled to 11.025 kHz.
Formant frequencies
Measurements of vowel duration served as input for subsequent automated measurements of formant frequencies at five equidistant temporal locations corresponding to the 20%-35%-50%-65%-80% point in the vowel. This was done to eliminate the immediate effects of surrounding consonants on vowel transitions and examine the variation in formant movement spanning over the vowel target. While proportional sampling of formants at two locations close to vowel onset and offset ͑i.e., 20%-80% or 20%-70%͒ or three locations including the temporal vowel midpoint ͑the 50% point͒ has been used more commonly in several acoustic studies ͑e.g., Ferguson and Kewley-Port, 2002; Hillenbrand et al., 1995; Hillenbrand et al., 2001͒, a denser multiple sampling at 4 ͑Fox, 1983͒, 9 ͑Adank et al., 2004͒, or 16 equidistant points ͑Van Son and Pols, 1992͒ has also been done to estimate vowel inherent spectral change. The present use of five equidistant temporal points seeks to characterize the spectral change independent of vowel duration and provide enough information about formant trajectory changes which may be dialect-specific and may remain unnoticed while sampling the formants at only two or three points.
The frequency change in F1 and F2 over time was measured by centering a 25-ms Hanning window at each temporal location. F1 and F2 values were based on 14-pole linear predictive coding ͑LPC͒ analysis and were extracted automatically using a MATLAB program which displayed these values along with the fast fourier transform ͑FFT͒ and LPC spectrum and a wideband spectrogram of the entire vowel. In some cases, the formant values were verified using smoothed FFT spectra and wideband spectrograms with formant tracks displayed ͑using the program TF32, Milenkovic, 2003͒ . Errors in formant estimation in LPC analysis were then handcorrected.
Vowel duration
Standard measures of vowel duration were used ͑Peter-son and Lehiste, 1960; Hillenbrand et al., 1995͒ . Vowel onsets and offsets were located by hand, primarily on the basis of a waveform display with segmentation decisions checked against a spectrogram. Vowel onset was measured from onset of periodicity ͑at a zero crossing͒ following the release burst of the stop ͑if present͒. In cases where closure remained voiced throughout and there was no evidence of an audible burst release, vowel onset was located at the point which indicated higher amplitude and higher frequency components. Vowel offset for words ending in a voiceless /ts/ was located at the point at which the amplitude of the vowel dropped to near zero ͑which was also coincident with elimination of all periodicity in the waveform͒. The vowel offset for words ending in a voiced /dz/ was defined as that point when the amplitude dropped significantly ͑to near zero͒. Since any voicing produced during the closure of a voiced stop will have relatively little high frequency energy ͑Pickett, 1999͒, this lack of high frequency components will produce a waveform that is relatively sinusoidal showing only slow variations ͑Olive et al., 1993͒. When examining the waveforms, both cues were used to identify the location of the stop closure for /d/. All segmentation decisions were later checked and corrected ͑and then re-checked by a second experimenter͒ using a custom MATLAB program which displayed the segmentation marks superimposed over a display of the waveform ͑in two different views: a view that included the entire token and an expanded view that concentrated on the vowel portion only͒.
VL
VL, the length of a vector in F1 by F2 plane, is an indication of the amount of formant change in the course of vowel's duration, typically measured between the 20% and 80% points ͑Ferguson and Kewley-Port, 2002; Hillenbrand et al., 1995͒ . The assumption is that the longer the vector, the greater the magnitude of formant movement. Diphthongal or diphthongized vowels will have longer vectors than will monophthongs, which corresponds to their greater amount of frequency change. VL is included in the present study to assess its effectiveness as a measure of formant dynamics particularly for vowels in which the direction of formant movement changes over time. VL is defined as a Euclidean distance ͑in hertz͒ between the 20% and 80% temporal points in the vowel in the F1 by F2 plane and is calculated as
TL
Formant TL represents a measure of formant movement which tracks more closely formant frequency change over the course of vowel's duration than the magnitude of formant movement ͑VL͒. TL is potentially advantageous to measure the amount of frequency change for diphthongized and vowels whose curved formant tracks resemble a "U-turn" so that the values in the later portion of the vowel return to the values at the vowel's onset. Sampling formant frequencies at five equidistant locations allowed us to calculate TL for each of four separate vowel sections, i.e., 20%-35%, 35%-50%, 50%-65%, and 65%-80%, where the length of one vowel section ͑VSL͒ is
The overall formant TL was then defined as a sum of trajectories of four vowel sections:
Spectral roc
Although TL measure can incorporate the curves in the formant tracks providing a detailed account of formant change, it fails to characterize the amount of frequency change over time. Yet, differences in vowel dynamics are manifested in the way the spectral change varies across vowel's duration. To address this, we first calculated the spectral roc ͑TLគroc͒ over the 60% portion of the vowel which was defined as
In addition, vowel section roc ͑VSLគroc͒ was calculated for each individual vowel section ͓determined by the temporal location of the five measurement points ͑20%-35%, 35%-50%, 50%-65%, and 65%-80%͔͒ to compare regions of specific vowels and characterize the nature of the change within a particular region:
It is expected that VSLគroc will vary not only from section to section within a particular vowel but will also reveal potential differences in the way dialects utilize vowel dynamics for the same vowel "category."
III. RESULTS
A. Vowel duration
We begin with the presentation of the results for vowel duration. As displayed in Tables I and II , there were systematic differences in duration as a function of vowel quality, consonantal context, and degree of emphasis. Duration increased progressively with vowel openness which is a wellknown intrinsic property of vowels. As also expected, vowels preceding voiced consonants were longer than before voiceless and emphatic vowels were longer than nonemphatic vowels. Of particular interest are differences in vowel duration as a function of dialect. North Carolina speakers produced the longest vowels, followed by Ohio and Wisconsin, respectively.
An analysis of variance ͑ANOVA͒ with the withinsubject factor vowel, consonantal context and emphasis, and the between-subject factor dialect was used to assess these differences. For all reported significant main effects and interactions, the degrees of freedom for the F-tests were Greenhouse-Geisser adjusted in those cases in which there were significant violations of sphericity. In addition to the significance values, a measure of the effect size-partial eta squared ͑ 2 ͒-is also reported. All three within-subject effects were significant and their effect size was strong. As expected, the significant main effect of vowel ͓͑F͑4 , 180͒ = 674.37, p Ͻ 0.001, 2 = 0.937͔͒ reflected the intrinsic differences in the durations of the vowels examined here. The significant effect of consonantal context ͓͑F͑1,45͒ = 326.6, p Ͻ 0.001, 2 = 0.879͔͒ confirmed once again that vowel preceding a voiced consonant is longer than vowel preceding a voiceless consonant ͑means= 213 and 166 ms, respectively͒. The significant effect of emphasis was = 6.06, p = 0.005, 2 = 0.213͔͒ although its effect size was smaller than that for the within-subject factors. Subsequent post-hoc analyses using separate ANOVAs which included two dialects only showed that Wisconsin and North Carolina vowels differed significantly from one another ͑means= 171 and 211 ms, respectively͒. However, Ohio vowels ͑means = 185 ms͒ did not differ significantly from either Wisconsin or North Carolina vowels. These cross-dialectal differences in vowel duration are consistent with the results reported in Jacewicz et al. ͑2007͒ for young adults, confirming that dialectal differences in vowel duration do exist ͑at least for selected regions͒ and are independent of speaker age.
Several interactions were significant although their nature and small effect size do not warrant a separate discussion. One significant interaction between context and emphasis deserves mention given its large effect size ͓F͑1,45͒ = 152.29, p Ͻ 0.001, 2 = 0.772͔. The interaction arose from the fact that emphatic vowels in the context of voiced consonants were substantially longer ͑72 ms or 41%͒ than nonemphatic vowels in this environment whereas the emphasisrelated difference for vowels preceding voiceless consonants was smaller ͑39 ms or 27%͒.
B. Formant movement
Turning to formant analysis, Figs. 1 and 2 display relative positions in the F1 ϫ F2 plane and formant movement of vowels preceding voiceless and voiced consonants, respectively. The left panels show "monophthongal" vowels /(, , ae/ and the right panels the "diphthongal" /e, a(/. Direction of formant movement is indicated by arrows.
Based on visual inspection, there is a substantial variation in formant dynamics across individual vowels and dia- lects. North Carolina /(, , ae/ are the most fronted with the nature of their formant movement distinct from both Ohio and Wisconsin vowels. Across all dialects, emphatic vowels are more peripheral and show more formant movement than nonemphatic vowels. Cross-dialectal differences are particularly evident for /e, a(/. The North Carolina /e/ is the most diphthongal and the Wisconsin /e/ may even be regarded as a monophthong given its small amount of change in F1. The diphthong /a(/, on the other hand, is relatively monophthongal in North Carolina but shows a great amount of spectral change in both Ohio and Wisconsin. The Wisconsin /ae/ is raised due to the Northern Cities Shift and it can be seen that its nonemphatic variant has considerable overlap with the emphatic //. 1 It needs to be underscored that the formant track dynamics displayed in Figs. 1 and 2 is plotted from measurements at five temporally equidistant points during a vowel. Thus, these frequency measurements are time-normalized across all vowels and do not reflect differences in vowel duration. This issue will be addressed subsequently.
C. VL
The first measure applied to assess the present variation in formant dynamics is VL ͑e.g., Ferguson and Kewley-Port, 2002; Hillenbrand et al., 1995; Hillenbrand and Nearey, 1999͒ . As Fig. 3 shows, VLs are smaller for some vowels such as /(, / but every vowel exhibits at least some amount of spectral change. There are clear VL differences as a function of dialect, especially between North Carolina vowels and those from the two Midwestern dialects. A separate repeated-measures ANOVA was conducted for each vowel 2 with the within-subject factors consonantal context and emphasis. Dialect was included as the between-subject factor. In general, all three main effects were significant. One exception was the vowel //, whose VLs did not differ significantly as a function of dialect. Table III summarizes the results of the analyses. As can be seen, the effect size was typically greater for the main effect of emphasis compared to the main effect of consonantal context. For all vowels, VLs were significantly longer for emphatic vowels than for nonemphatic. The context effects were more variable, indicating longer VLs when the vowel was followed by voiced consonants in the case of /(, , ae/ and longer VLs when it was followed by voiceless consonants for /e, a(/. The effects of dialect were particularly strong for the vowels /e, a(/ due to the fact that North Carolina VLs were clearly different from both Midwestern variants. The North Carolina /e/ had the longest VL which was more than twice that of the Wisconsin variant, with Ohio vowel falling in between. For the diphthong /a(/, Ohio variant had the longest VL, about three times that of North Carolina /a(/ which is well known for being relatively monophthongal in this regional variety of English.
It can be expected that the large differences between the North Carolina vowels and the vowels from the two Midwestern varieties will produce a significant main effect of dialect. However, the differences between the Ohio and Wisconsin vowels themselves may be too small to reach significance. Additional repeated-measures ANOVAs were used to examine the significance of all three factors ͑emphasis, context, and dialect͒ for Ohio and Wisconsin vowels while excluding North Carolina from the analyses. As expected, the results showed significant main effects of emphasis and context for each of the five vowels. However, the main effect of dialect was significant only for /e/ ͓F͑1,30͒ = 19.55, p Ͻ 0.001, 2 = 0.394͔, indicating longer VL for Ohio variant compared to Wisconsin.
In summary, the present results show that VLs varied significantly with vowel emphasis and consonantal context, and dialectal differences were also apparent, at least between North Carolina and Midwestern vowels. However, one issue needs to be resolved before accepting VL as a measure which characterizes the true amount of frequency change in the course of vowel's duration. In particular, one can argue that VL, in fact, underestimates the amount of spectral change in a vowel and may lead to false interpretations of the nature of the spectral change being examined. To exemplify the point, we will now consider two examples of North Carolina vowels: /ae/ and /e/.
The left panel of Fig. 4 shows the North Carolina variant of /ae/ redrawn here from Fig. 1 for the purposes of illustration. VL is a measure of formant frequency change between the 20% and 80% points in the vowel. As evident, VL fails to FIG. 3 . Mean values ͑s.e.͒ for VL, i.e., F1 and F2 frequencies change between the 20%-80% temporal point for each vowel in each dialect as a function of vowel emphasis and consonantal context. account for the actual formant movement over time. The length of the entire formant trajectory consists here of four sections ͑TL1-TL4͒, each corresponding to formant change between two consecutive measurement points ͑20%-35%, 35%-50%, 50%-65%, and 65%-80%͒. Because the trajectory of North Carolina /ae/ is U-shaped ͑which reflects the "Southern drawl"͒, the VL estimate is particularly inadequate to measure this type of spectral change. Yet, VL can be quite accurate in assessing diphthongal changes such as for North Carolina /e/ shown in the right panel. This vowel, also redrawn from Fig. 1 , shows an almost linear spectral change across its four sections. Thus, the estimated total trajectory change can be approximated relatively well by the length of the vector which expresses a linear distance between the 20%-and 80% points. In summary, VL does appear to capture some aspects of formant movement and is rather reliable as a measure of linear trajectory change. However, formant trajectory shapes can vary cross-dialectally in ways impossible to characterize by the use of VL. The North Carolina /ae/ is the most fitting example. It seems that computing the length of the entire trajectory, i.e., approximated by the multiple-point sampling, may account more reliably for the extent of spectral change in a vowel. Section IV will address this possibility.
D. TL
The total TL, consisting of the sum of TLs of the four vowel sections, is expected to provide a more detailed estimate of formant change. Figure 5 shows mean TL values for each vowel broken down by emphasis and consonantal context. As expected, the TL values are greater than those for VL in Fig. 3 . As it was done for the VL measure, a repeatedmeasures ANOVA with the within-subject factors emphasis and consonantal context and between-subject factor dialect was conducted for each vowel.
The main effects of emphasis and consonantal contexts were significant, and the general results were in accord with those for VL: emphatic vowels had significantly greater TLs than nonemphatic vowels, the vowels /(, , ae/ had longer TLs when followed by voiced consonants, and /e, a(/ had longer TLs when followed by voiceless consonant. Table IV summarizes the results of the analyses.
The effects of dialect were somewhat different for TLs, however. Although the main effect of dialect was significant for the vowels /(, e, a(/ and the order of dialectal variants in terms of the amount of the spectral change were in agreement with the results for VL ͑including the significant difference between the Ohio and Wisconsin /e/͒, discrepancies between the two measures were found for the vowels // and was not significant ͓F͑2,45͒ = 3.15, p = 0.053, 2 = 0.123͔ and North Carolina /ae/ had slightly greater TL ͑mean= 549 Hz͒ than Wisconsin ͑mean= 535 Hz͒, with Ohio falling last ͑444 Hz͒. Clearly, these discrepancies arose from underestimating the amount of formant change by the VL measure due to the change in the direction of formant curves.
To compare the results of the two measures, i.e., VL and TL, separate repeated-measures ANOVAs were used for each vowel and for each dialect with the within-subject factors formant change ͑VL, TL͒, emphasis, and consonantal context. Table V summarizes the results for the main effect of formant change.
As can be seen, the differences between VL and TL were highly significant for each vowel in each dialect. Next to the effect size, the table lists in parentheses the percentage of underestimation of formant change by the VL measure. The underestimation was found to be as great as 70% for the North Carolina /ae/ and as small as 7%-8% for the Ohio and Wisconsin /a(/ and North Carolina /e/. For the remaining vowels, the VL underestimation ranged from 19% to 65%. These results show an advantage of the TL measure over VL, especially for vowels which exhibit a change in the direction of formant movement. The general picture of TL advantage for each vowel averaged across emphasis levels and consonantal contexts can be found in Fig. 6 . For each dialect, the VL underestimation of formant change for the vowels /(, , ae/ is considerably greater than for the diphthongal vowels /e, a(/. These differences were found for each dialect, indicating that the TL measure reflects dialect-specific spectral change in vowels quite well.
In summary, the statistical evidence along with the graphic displays suggests that VL does not account reliably for the dialectal differences. The extent of formant movement is better characterized by a TL measure, which utilizes formant measurements sampled at multiple points in a vowel.
E. Spectral roc
Although the TL measure appears to be more reliable in addressing dialectal differences, the measurement points are time normalized and indicate only relative positions across the vowel. This, of course, fails to account for how quickly ͑or slowly͒ these formant frequency changes occur in time. Yet, there may be important dynamic differences across dialects, contexts, and speaker age that relate to such spectrotemporal changes. The spectral roc measure presented here will allow us to make these comparisons. Fig. 7 is the spectral roc for the five vowels in both emphatic and nonemphatic positions in voiced and voiceless contexts for each of the three dialects. As might be expected, overall spectral roc varies as a function of vowel category. The mean values were highest for the diphthong /a(/ in both Wisconsin ͑10.1 Hz/ ms͒ and Ohio ͑9.8 Hz/ ms͒ varieties ͑but not in North Carolina, 3.9 Hz/ ms͒ and lowest for the vowel /ae/ in each of the three dialects ͑4.4, 3.5, and 3.8 Hz/ ms, respectively͒. Dialectal differences were particularly evident in the case of /e/ which had the highest spectral roc among all North Carolina vowels ͑mean= 7.1 Hz/ ms͒ and second highest among the Ohio vowels ͑mean = 5.1 Hz/ ms͒. In Wisconsin, however, the mean value was lower ͑4.5 Hz/ ms͒ and it was comparable with roc for // and /ae/ ͑both 4.4 Hz/ ms͒. A separate repeated-measures ANOVA with the withinsubject factors emphasis and consonantal context and the between-subject factor dialect was conducted for each vowel. As summarized in Table VI , vowel emphasis did not have a strong effect on spectral roc. Rather, it was the consonantal context that affected the spectral roc of all vowels in a systematic way: without exception, vowels preceding voiceless consonants had higher spectral roc than when preceding voiced consonants. This effect was particularly strong for the vowels /e, a(/. The main effect of dialect was significant for each vowel. For the vowels /(, , e/ North Carolina had the highest spectral roc among the three dialects. For /ae, a(/, the spectral roc was highest in the variety of English spoken in Wisconsin. Also significant for each vowel was the interaction between context and emphasis. This interaction, although not particularly strong, was manifested somewhat differently for monophthongal /(, , ae/ and diphthongal /e, a (/ vowels. 3 Of particular interest to this study are dialectal differences in the spectral roc which persisted when two additional sources of contextual variation in roc were included, i.e., degree of vowel emphasis and the type of consonantal context. Clearly, changes in spectral roc arise from differences in vowel duration, TL or a combination of the two. In an attempt to better understand the contribution of each source of this variation and explain the obtained patterns, we will now examine proportional differences in vowel duration and TL which arose from the two contextual factors, vowel emphasis and consonantal context. Listed in Table VII are changes in vowel duration and TL as a function of vowel emphasis. Of interest are percentages of reduction in vowel duration in nonemphatic positions and corresponding reduction in TL for each vowel in each dialect. The general tendency is that the proportion of reduction in duration of nonemphatic vowels corresponds roughly to the proportion of reduction in their TLs, which will not affect their spectral roc. This would explain the lack of significant effect of emphasis on the spectral roc, at least for three out of five vowels. A different outcome was found for the consonantal context effects, as summarized in Table VIII . Here the relative reduction in TL for vowels in voiceless context tends to be smaller than the reduction in vowel duration, which produces higher spectral roc in the voiceless context compared to the voiced context. These results are in accord with the number of significant effects of consonantal context on the spectral roc of individual vowels ͑compare Table VI͒. A word of caution against an exclusive reliance on these general trends in explaining the spectral roc results is needed, however. Several factors interact here, and each has some impact on the movement of articulators which is the underlying source of variation in the spectral roc. In some cases, it is the dialect-specific spectral change that interacts differently with contextual factors. To illustrate the point, we will consider one example here, that of proportional reductions in both vowel duration and TL for the vowel /ae/, which have been found to vary across dialects.
Shown in
As Table VIII indicates, the North Carolina variant does not increase its spectral roc in the voiceless context. Rather, spectral roc increases in emphatic position which has a greater TL ͑and smaller decrease in duration͒ as compared to the nonemphatic position ͑see Table VII͒. However, consonantal context ͑and not emphasis͒ affected spectral roc of the Ohio /ae/ which increased in the voiceless context due to the small reduction in TL. Finally, the proportional reductions as a function of both emphasis and context did not vary much for the Wisconsin variant, suggesting that, in this dialect, spectral roc of /ae/ does not change across emphatic positions and contexts. Results of separate ANOVAs used for each dialect support this explanation. The main effect of emphasis was significant for the North Carolina /ae/ ͓͑F͑1,15͒ = 4.97, p = 0.041, 2 = 0.249͔͒ and indicated higher spectral roc in emphatic position. The main effect of context was significant for Ohio /ae/ ͓͑F͑1,15͒ = 7.15, p = 0.017, 2 = 0.323͔͒, showing higher spectral roc in the voiceless context. Finally, nei- 
ther emphasis nor context was significant for the Wisconsin variant. No other effects and interactions were significant in these analyses. These results support the claim that, as a measure, spectral roc is sensitive to dialectal differences in vowel dynamics and can provide details of complex interactions of several factors. Since roc does not require extensive computations, it can be used effectively in analyzing a larger corpus.
IV. DISCUSSION
The present study sought to characterize the nature of the dynamic spectral change found in the targets of selected American English vowels in three distinct dialectal regions in the United States. The results are encouraging in that we are beginning to find ways to better understand vowel dynamics across different American English dialects. In particular, we found cross-dialectal differences in vowel duration, in the extent of spectral change in formant trajectories, and in the spectral roc. Although our primary goal was to find a set of effective measures which would reveal systematic differences among the regional variants, the study also gained more insights into positional relations within the vowel system of each dialect. As seen in Figs. 1 and 2 , Ohio and Wisconsin variants of /, ae/ tend to spectrally overlap when variable emphasis is taken into consideration: the emphatic // approximates the position of the nonemphatic /ae/. This is not the case for North Carolina, where // and /ae/ are clearly separated under variable emphasis conditions and a possibility of an overlap arises for /(, / rather. The nature of formant dynamics is also highly variable across the dialects, and the magnitude of formant movement can vary dramatically such as for the diphthongal vowels /e, a(/.
A. Characterizing the variation in formant dynamics
We first turned to an established procedure of estimating the magnitude of formant frequency change between the 20% and 80% temporal points in a vowel ͑VL͒. Although some of the spectral variation could be accounted for by this measure, we excluded it from further consideration as it did not provide a satisfying characterization of the most dynamic spectral changes in several of the vowels. In particular, the extent of formant movement was greatly underestimated for vowels in which the direction of this movement in the F1 by F2 space changes over time. We found that the total trajectory change ͑TL͒ over multiple temporal locations for the vowel center represents more adequately the magnitude of formant movement. Relating the spectral change over the total trajectory to the time necessary to execute this formant movement, we computed the spectral roc which provides another view of the time-varying information in a vowel.
Two phonetic factors that affect vowel duration, emphatic stress and the voicing status of the consonant that follows the vowel, were systematically varied in this study. Entered as within-subject factors, the two sources of variation were found to interact with formant movement in somewhat different way: while both the emphatic vowel and vowel preceding a voiced consonant had longer durations, the spectral roc was significantly higher for the shorter vowel followed by a voiceless consonant and not for the shorter nonemphatic vowel. The small effect size of emphasis found in the analyses of spectral roc will need to be investigated separately in greater detail. We can only speculate that this variation comes from the way emphatic stress is brought about by vowel-specific articulatory actions. 4 Apart from the variation in vowel dynamics coming from phonetic sources, dialect was found to be a strong source of variation in vowel-inherent spectral change. The effects of dialect were found for each vowel examined in the present study. As an example, an interesting relationship between vowel duration and the dialect-specific nature of formant trajectory change was found for the vowel /(/. North Carolina /(/ was longer, had a greater TL, and faster spectral roc ͑means: 172 ms, 566 Hz, 5.6 Hz/ ms͒ than Ohio /(/ which was shorter, had a smaller TL, and slower spectral roc ͑means: 133 ms, 317 Hz, 4.2 Hz/ ms͒. These differences stem from the nature of the dynamic formant changes in each dialect which, in very general terms, are brought about by faster articulatory gestures in order to produce the North Carolina vowel and comparatively slower gestures in a slightly diphthongal variety of the Ohio /(/.
The spectral roc measure used in this study is just one possible measure which, to some extent, reflects speed of articulatory movement over the course of the vowel's target. Although this measure can only give an indirect indication of the speed of specific articulators underlying the production of diphthongal and quasi-diphthongal changes, it is nevertheless useful in estimating the average pace of formant movement during the central 60% of the total spectral change. A related measure of spectral change, although assessing F2 velocity only, was used in Moon and Lindblom ͑1994͒. A more detailed measurement such as by fitting linear regression lines to the formants and computing the slopes ͑Wouters and Macon, 2002a͒ will be problematic in this particular set of data because of the changing directionality of the formant movement. While Wouters and Macon ͑2002a͒ studied liquid-vowel and vowel-liquid transitions and diphthong transitions in the productions of one speaker, this approach will not be effective in dealing with the type of spectral changes such as those found in North Carolina vowels. The present approach, being relatively easy to implement, can be more readily used in a sociophonetic setting which, by definition, must involve a larger corpus of data. Having established the types of variation in formant trajectories that can be expected in cross-dialectal data in terms of TL, directionality, and curvature, a refinement of the current measures will be undertaken in order to address the changes in the direction of formant movement. In particular, parametrization procedures can be used ͑e.g., Harrington, 2006; Harrington et al., 2008; Hillenbrand et al., 2001; Morrison, 2009; Zahorian and Jagharghi, 1993͒ in order to model the various trajectory shapes.
It is clear that the nature and amount of spectral change for vowels studied here can be characterized quite effectively when formant trajectories are sampled at multiple time points rather than at one temporal location at the vowel target. The use of five temporal locations estimates the dynamic trajectory to the extent that time-normalized spectral variation can be assessed rather accurately. The addition of the time dimension and inclusion of the spectral roc provides further insights as to how vowel-inherent spectral change differs for individual vowels across several regional variants. Thus, the combination of the three basic acoustic parameters ͑TL, vowel duration, and spectral roc͒ can be effective in characterizing the regional variation in American English vowels.
B. Dialectal differences in the dynamics of /a(/
Regional dialect turns out to be a rich source of phonetic variation. The diphthong /a(/ is a good example of how differently vowels can be produced from region to region. This diphthong can be almost monophthongal in North Carolina and it can have two manifestations in even closely related Midwestern dialects spoken in Ohio and Wisconsin. It is interesting to note how the proportional differences in duration and TL arising from the effect of consonantal context interact with dialect-specific variation in spectral roc.
As shown in Table VI , the effects of consonantal context and dialect on the spectral roc of /a(/ were particularly strong. From Table VIII we find that while vowel duration was reduced in voiceless context ͑especially for the Ohio and Wisconsin variants͒, the TL increased greatly. The shorter duration and greater TL affected the spectral roc which was actually higher in the voiceless than the voiced context ͑see the negative percentage values͒. This apparent divergence from the expected pattern of reduction in the voiceless context supports earlier reports in the literature, however. For example, Gay ͑1968͒ found that the increased duration of /a(/ in bide relative to bite is accomplished primarily by a lengthening of the steady-state onset of the diphthong while both the gliding portion and the diphthongal offset lengthen to a lesser extent. The lengthening of the onset was verified by Jacewicz et al. ͑2003͒ . This study also showed that the F2 change in bide was smaller mostly due to lower terminal frequency values of the offglide. A larger F2 change coupled with a shorter duration means that bite will have a higher spectral roc than bide. The present results are in accord with these previous findings and can be easily inferred from the patterns in /a(/ displayed in Figs. 1 and 2. That is, there is a smaller spectral change in the first two sections ͑i.e., over the first three data points͒ of the Ohio and Wisconsin diphthongs in the voiced context and a comparatively greater formant movement in the voiceless context. Given shorter vowel duration in the latter context, we can thus explain the much higher spectral roc in the voiceless context than in the voiced.
There were also notable dialectal differences in the production of the diphthong. Figure 8 gives a more detailed account of the spectral roc over the four vowel sections. In the voiceless context, the first section of the Wisconsin diphthong shows a higher spectral roc than the Ohio variant and reaches its spectral maximum in the second section while the Ohio /a(/ has its maximum later, in the third section. These differences most likely reflect dialect-specific articulatory movements and pace in order to attain the target offglide. In the voiced context, the spectral roc was much lower in general, and the maxima were reached later in the diphthong, in the fourth section of the Ohio vowel and in the third section of the Wisconsin variant. This temporal shift in the spectral roc maximum can be explained on the basis of the lengthening of the diphthongal onglide in the voiced context as discussed above. In general, then, the Wisconsin variant starts with faster articulatory movements which results in the higher roc; the Ohio variant begins with slower movements and reaches higher roc than the Wisconsin variant later in time, closer to its second target /(/. In sharp contrast to both Midwestern diphthongs is the spectral roc of the North Carolina /a(/ which did not change much over the course of its duration and increased only slightly in the fourth section. This result reflects the monophthongal property of /a(/ in this variety of American English.
C. Spectral dynamics and the listener
An obvious question arises as to how sensitive listeners are to these types of spectral changes. Do they recognize dialect-specific spectral variations or are these changes too minor to identify vowels as belonging or not belonging to their own regional variety? The spectral variations examined in this study were limited in terms of the type of consonantal context used and the number of levels of vowel emphasis. Clearly, other contexts will introduce other changes to the dynamic structure of vowels. Will the dialect-specific spectral features persist in these contexts or will they be obscured by contextual variation? These issues are important from yet another perspective, namely, that vowels change their properties across generations as a part of the process known as sound change. Will the dynamic spectral variations in vowels differ between younger and older speakers who grew up in the same dialect area? Will these variations be related to specific vowel shifts and changes currently taking place across geographic regions in the United States such as Northern Cities Shift or Southern Vowel shift? Further research is planned to determine whether and to what extent spectral dynamics contributes to the sound change in progress. The methods presented in this paper may prove useful in these efforts.
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1
In this particular case, the acoustic proximity of both vowels may introduce some perceptual confusion, especially for listeners who grew up in a different dialect area. However, the differences in duration and in the position of the initial portion of each vowel including vowel nucleus ͑or 50% point͒ may contribute to a perceptual distinctiveness of both vowels. We used separate ANOVAs for each vowel rather than a single ANOVA because the main effect of vowel was expected to be significant for the present selection of vowels. Of interest to us were the dialectal differences within each vowel category and not the phonetic differences between vowels.
3
For the vowels /(, , ae/, the contextϫ emphasis interaction arose from the fact that the spectral roc difference between the voiceless emphatic and voiceless nonemphatic contexts was significantly larger than that between voiced emphatic and voiced nonemphatic contexts. For /(/, the mean values were 5.3 and 4.8 Hz/ ms for voiceless emphatic vs nonemphatic context as compared to 4.6 and 4.7 Hz/ ms for voiced emphatic vs nonemphatic, for //: 5.1 and 4.2 Hz/ ms vs 4.2 and 4.3 Hz/ ms, respectively, and for /ae/: 4.1 and 3.8 Hz/ ms vs 3.8 and 3.8 Hz/ ms, respectively. However, the effects of context and emphasis created greater variation in the spectral roc for the diphthongal vowels /e, a(/. For /e/, it was the nonemphatic position in which roc was higher, and this was true for both voiceless and voiced contexts ͑the means were 6.1 and 6.6 Hz/ ms for voiceless emphatic vs nonemphatic context as compared to 4.3 and 5.3 Hz/ ms for voiced emphatic vs nonemphatic͒. For /a(/, there was a mixed pattern of variation in that the spectral roc was higher in the emphatic position for the voiceless context ͑means= 9.8 and 9.1 Hz/ ms for emphatic and nonemphatic, respectively͒ and it was higher in the nonemphatic position for the voiced ͑means= 6.1 and 6.7 Hz/ ms for emphatic and nonemphatic, respectively͒.
